The influence on the summer flow over Asia of both the orographic and thermal forcing of the Tibetan Plateau is investigated using a sequence of idealised experiments with a global primitive equation model. The zonally averaged flow is prescribed and both realistic and idealised orography and heating are used. There is some similarity between the responses to the two forcings when applied separately. The upper tropospheric Tibetan anticyclone is predominantly forced by the heating but also weakly by the orography. Below this, both forcings tend to give air descending in an equatorward anticyclonic circulation down the isentropes to the west and rising in a similar poleward circulation to the east. However the heating-only response has a strong ascending southwesterly flow that is guided around the south and south-east of the orography when it is included. On the northern side, the westerly flow over the orography gives ascent on the upslope and descent on the downslope.
Introduction
The Tibetan Plateau (TP) covers nearly two and a half million square kilometers and it spans the depth of the lower troposphere. Many studies have shown that it exerts important thermal and dynamic influences on the atmospheric circulation (see, for example, Yanai and Wu 2006) . The dynamic /orographic effects of the TP during the winter have been examined since the late 1940s (e.g., Queney 1948; Charney and Eliassen 1949; Bolin 1950; Yeh 1950; Wu 1984) . Hoskins and Karoly (1981) , and Held (1983) discussed the linear dynamics of the orographic forcing of stationary waves in a baroclinic atmosphere and the downstream propagation of Rossby waves in the westerlies. Cook and Held (1992) and Valdes and Hoskins (1991) emphasized the importance of nonlinear processes in orographic forcing.
In the mid-1950s, Yeh et al. (1957) and Flohn (1957) discussed the existence of an important heat source over the TP in summer. Since that time, the thermal influence of the plateau and how the elevated plateau heating contributes to the maintenance of the stationary waves have been investigated using observations and numerical simulations (e.g., Hahn and Manabe 1975; Yeh and Gao 1979; Kuo and Qian 1982; Luo and Yanai 1984; Yanai and Li 1994; Ye and Wu 1998; Wu et al. 2004 ). Hoskins (1991) pointed out that the Tibetan Plateau is the region of highest near-surface potential temperature, y, and that it is of interest to consider the maintenance of the circulation on a y-circuit around the topography under the action of near-surface heating and surface friction. In summer, the near surface warming implies that the air moves inwards and upwards along the flanks of the plateau, producing a cyclonic circulation tendency. To balance this there must on average be an anticyclonic drag, implying a cyclonic circulation around the TP. Building on this, Wu et al. (1998 Wu et al. ( , 2004 have envisioned the TP heating as creating a huge pump that regulates Asian monsoon variability. Also Liu et al. (2001) indicated that the TP is a crucial negative vorticity source and Wu et al. (2004) showed that Rossby wave trains forced by it can affect the atmospheric circulation over much of the northern hemisphere.
Generally, these previous studies show that in winter, when westerlies dominate in the mid-latitudes and subtropical upper troposphere, orographic forcing plays a very important role. In summer the zero westerly wind line is in the TP region (see Fig. 1b below) and the importance of thermal forcing has been stressed, with little attention being paid to the role played by the TP orographic forcing on the Asian summer monsoon flow.
Severe weather events in China and in the Asian monsoon regions have been found to have a close relationship with the nature of the Tibetan upper tropospheric anticyclone (Kanamitsu and Krishnamurti 1978; Yeh and Gao 1979; Zhang et al. 2001) . If its centre is located east of 90-100 E, regimes of flooding in western China and drought conditions in eastern China prevail. On the other hand, when the centre shifts to the west of 100 E, the reverse is true (Tao and Zhu 1964; Tao and Ding 1981) . Krishnamurti and Bhalme (1976) show that sub-seasonal oscillations, leading to active and break monsoon, are related to a quasibiweekly oscillation of the Indian monsoon system including the Tibetan High. A quasiperiodic oscillation of the high and many other parameters was revealed in the spectral analysis performed by Krishnamurti (1973) and Shun (1979) , with periods of 10-16 days comprising one of the two primary peaks.
Concerning low frequency variability theory, the study of multiple equilibria associated with topographic interactions (Charney and Devore 1979) has been extended to more complex aspects of low frequency variability by, for example, Legras and Ghil (1985) , Yoden (1985) and Strong et al. (1993) . However of more relevance to the summer TP situation, Hsu and Plumb (2000) used a divergence forcing in a shallowwater model and looked at the development of the anticyclone that was generated. When its westward extension was sufficiently great it became unstable in the manner of a potential vorticity (PV) strip and periodically shed eddies.
Using NCEP reanalysis data for one month they identified two cases in which a similar extension and shedding process appeared to occur in the Tibetan anticyclone.
In this study, the results from a sequence of idealised experiments using a global, baroclinic primitive equation model are presented and analysed. The aim is to enhance the understanding of the atmospheric response, particularly over Asia, to the mechanical forcing and thermal forcing associated with the TP in summer. The model and data used and the experimental design employed are given in Section 2. The mean response is then discussed in Section 3, and the variability is investigated in Section 4. In Section 5, a concluding discussion is presented.
2. Model and experimental set-up a. Model In Hoskins and Rodwell (1995) it was shown that an initial value integration using a global, primitive equation model and imposed zonally averaged flow gave a realistic nonlinear response to imposed heating fields in the presence of mountains. In particular both the upper and low-level monsoon and subtropical anticyclone flows were well simulated in summer, allowing the study of cross-equatorial flows into the Asian monsoon and the mechanisms involved in the lower tropospheric subtropical circulation Hoskins 1995, 2001) . This model will also be used in the present study. It does not contain all the interacting processes that are represented in a full GCM but it does enable investigation of the direct, nonlinear response to diabatic heating in the presence of orography.
The model is described by Hoskins and Rodwell (1995) . It is a time-dependent, global, hydrostatic, primitive equation model derived from Hoskins and Simmons (1975) , based on the spectral transform technique in the horizontal, finite differences in s-coordinates in the vertical and a semi-implicit time-scheme. In this study the horizontal spectral truncation is T42, and there are 15 levels in the vertical.
The model incorporates linear damping of perturbations about a basic state which, in this study, is a prescribed zonal flow. Vorticity and divergence are damped only on the lowest two levels (s ¼ 0:967; 0:887), on timescales of 4 and 1.5 days respectively. Temperature is damped at all levels, generally with a timescale of 25 days but this decreases gradually to 4 days at the top model level and to 8 days at the lowest level, as in Hoskins and Jin (1991) . In addition, a biharmonic horizontal diffusion is included with a timescale of 6 hours at the truncation scale and vertical diffusion is included to enable long integrations. The vertical diffsion is similar to that used by Ambrizzi and Hoskins (1997) , but with a mixing coefficient of 1 m 2 s
À1
and applied only to the perturbation vorticity, divergence and temperature fields. Without vertical diffusion, the flow near the south side of the Tibetan Plateau tends to develop gridscale structures, whose origin may be inertial instability in the near equatorial region. The zonally averaged state is specified and maintained as a function of latitude and pressure. Hydrostatic adjustments are made to temperature and surface pressure during orographic growth over the first 5 days of the model integration . At day 5 (day 0 if no orography is used), diabatic forcing is switched on and held constant in time.
b. Experimental set-up
The zonal-mean June-August climatology from the European Centre for Medium-Range Weather Forecasts (ECMWF) of 1979-93 is used as basic state in every experiment. The zonal-mean zonal wind is shown in Fig. 1b . A weak westerly jet exists in the Northern Hemisphere with maximum wind near 200 hPa and 43 N. Tropical easterlies prevail in the upper troposphere between 10 S and 20 N. Since the focus of this study is the impact of the Tibetan Plateau (TP), only orography from the limited region 60 to 120 E, 10 to 60 N is used. This region includes rather more than the Tibetan Plateau alone but, for simplicity, it will be referred to as such. The vertical profile of the TP orography at 90 E is shown as the shaded area in Fig. 1b , and Fig. 1d illustrates its horizontal distribution. The maximum altitude is 5580 m at 32 N, 87 E. In June-August there are westerlies over the northern flanks of the TP and easterlies to the south. In such circumstances, nonlinearities are likely to be very important (Ringler and Cook 1997) . In some experiments an idealized orography, shown in Fig. 1e , will be specified. The names of experiments to be described below will include O or O i according to whether the real or idealised TP orography is used.
The constant diabatic forcing that is applied in the model is derived as a residual in the time mean thermodynamic energy equation for the June-August season in the ERA-40 data for the satellite period 1979-2001 (Uppala et al., 2005) . In the control experiment (OQ Asia ), the 'real' TP orography is used and the heating is that over the region 55
-180 E, 10 S-55 N, which will be referred to as the whole Asian Monsoon area. Figure 1a shows the horizontal distribution of the vertically integrated heating in this region. The main centres of heating exceed 300 Wm À2 and are located over the TP along 30 N; the western India coast; the extreme northeast of the Bay of Bengal; the Warm Pool region and the western tropical Pacific. In the boxed TP region indicated in Fig.  1a , the heating is dominated by surface sensible heating and convection above the plateau. A section through the heating at 90 E is shown in Fig. 1c . The heating rate has a maximum of 8 K day À1 in the boundary layer and a magnitude of 2 K day À1 extending to the upper troposphere near 200 hPa. Heating in the other tropical regions is dominated by deep convection with a maximum near 400 hPa.
Just as for the orography, ERA-40 heating in the TP region alone and idealisations of it will be used. The idealised heating has the same horizontal distribution as the idealised orography (Fig. 1e ). In the vertical it has a profile which is constant from s ¼ 1:0 to 0.8 and then decreases linearly to zero at s ¼ 0:2 (near 100 hPa over the highest topography). The maximum heating rate, near the surface at the centre, is 5 K/day. Use of ERA-40 heating in the TP region alone will be indicated in the experiment name as Q TP . Use of idealised heating in the TP region will be referred to as Q iTP .
Mean response a. The TP orography and the Asian heating
The model responds quickly to the orographic and diabatic forcing in the OQ Asia experiment and is in quasi-equilibrium after day 20 (see Fig. 10a below), 15 days after the heating is turned on. Here we present the results of the average for day 15 to day 70 in the 0-160 E, 10 S-80 N region. Figure 2b shows the 200-hPa full streamfunction (imposed zonal state plus model derived zonally asymmetric state). The overall structure and location of the Tibetan High is in good agreement with the ERA-40 analysis ( Fig. 2a) , both of them centered to the south of (30 N, 75 E), though the simulation is less good on the eastern flank. The vertical motion ( Fig.  2d ) is also in general qualitative, and even quantitative, agreement with that analysed for the real atmosphere ( Fig. 2c) , with ascent to the east and descent to the west, though in the latter region the realism of the structure is influenced by the lack of orography and cooling imposed there. The most serious, but interesting discrepancy is perhaps the occurrence of descent in a region on the south east of the TP.
In the lower troposphere (Fig. 2f ) the concentrated cross-equatorial flow of the Somali jet ( Fig. 2e ) is replaced by a general smoother cross-equatorial flow from Africa to the South China Sea over much of the domain shown. However the westerlies over India and the south-westerlies in the Bay of Bengal are simulated. The model simulates the northerlies to the west of TP and southerlies to the east of it, each forming the zonal end of a subtropical anticyclone, but they are stronger than those observed.
It is clear from the studies of Rodwell and Hoskins (1995) , using essentially the same idealised model, and by Slingo et al. (2005) using an AGCM, that the inclusion of the East African Highlands is essential for the existence of the Somali Jet. The use of the full Earth orography and heating enabled Hoskins and Rodwell (1995) to produce a more accurate simulation in the present domain of interest than that shown here. However the results of the OQ Asia simulation do have sufficient similarity with the observed structure in the region that it is considered to provide a worthwhile basis for the proposed experimentation on the roles of the orographic and thermal forcing in the region.
b. TP orography
First we explore the response to the mechanical forcing of the orography alone. Results for the 'real' TP (O run) are shown in Fig. 3 (left panels). The imposed zonally averaged state is prominent in this figure. There is a weak indication of an upper tropospheric anticyclone over the TP (Fig. 3a) . The 400 hPa vertical velocity (Fig. 3c ) exhibits changes to the imposed zonal state. Broadly there is descent to the west of the TP and also on the northeastern side, and ascent on the eastern side and also on the northwest. The 850 hPa velocity vectors (Fig.  3e) show northerlies to the west side of the TP and southerlies to the east, as in the more complete OQ Asia simulation but weaker. On the northern side of the TP there is an indication of the westerly flow being guided around the orography and at 700 hPa (not shown) it is clear that this flow also passes over the orography. The ascent and descent on the northern side of the TP are consistent with this.
To help the understanding of the orographic response and also to see the dependence of the results on the details of the TP orography, the results for the idealised TP orography run, O i , are also given in Fig. 3 (right hand panels) . It is clear that this captures in a simpler manner most of the larger-scale structure given by the real orography. A similar weak upper tropospheric anticyclone is produced (Fig. 3b) . The vertical motion (Fig. 3d ) and lower level winds (Fig. 3f ) are qualitatively similar to those for the realistic orography and can be understood using the ideas presented in Rodwell and Hoskins (2001) . The blockage of the westerly winds by the TP leads on the western side to them turning equatorwards, descending down the isentropes and returning as the easterlies. On the eastern side the blocked easterlies turn poleward, ascend up the isentropes and return as the westerlies. The larger amplitude of the meridional motion and vertical velocity on the eastern side can be rationalised as being due to the poleward moving air gaining anticyclonic relative vorticity due to the b-effect which therefore enhances the anticyclonic flow in this region. In contrast, on the western side the cyclonic relative vorticity gained in moving equatorwards reduces the anticyclonic flow there.
On the poleward side of the TP, the westerlies again tend to rise up the isentropes and over the orography and descend in the lee.
This discussion provides an explanation of the northerly and southerly low level winds on either side and the 4 poles of alternating descent and ascent seen clearly with the idealised orography and in more distorted manner with the real orography.
c. TP heating
The average flow for the experiments Q TP and Q iTP with, respectively, real and idealised TP heating specified in s-coordinates but with zero orography is shown in Fig. 4 . Both give an upper tropospheric anticyclone centred over the ''TP' ' (Figs. 4a, b) , and a SW-NE sloping pattern of descent to the west and north, ascent to the south and east and descent on the extreme southeastern flank of the TP. In the lower troposphere there are northerlies in the main region of descent to the west and strong south westerlies in the main region of ascent leading into westerlies over northern China around the periphery of an anticyclone centred near Japan. Over much of the TP region the low level heating is balanced by cold advection and from the Sverdrup relation (a simplified vorticity equation) bv A f qw qz , this is associated with descent. Because the heating maximum is at or near the surface, the stretching of vorticity in the upper troposphere is weak and so are the southerlies on the western side of the upper anticyclone there. On the south-eastern side of the TP the diabatic heating is compensated by adiabatic cooling associated with ascent. The Sverdrup relation here gives the strong southerly component at low levels and weaker northerlies at upper levels.
It is interesting to note that the orography and heating applied separately in the TP region give flows with the common characteristics of an anticyclone over the TP, descent and northerlies to the west and ascent and southerlies to the east. However it is clear that there are differences as well. On the northern side the ascent and descent arises from the topography alone. A strong lower tropospheric southwesterly flow across the TP region is given only in the heating run and, indeed would be impossible in the presence of the TP orography.
d. TP orography and heating
The mean flows produced when the TP heating is added to the TP orography in both their realistic and idealised forms, the OQ TP and O i Q iTP experiments, are summarised in Fig. 5 . The OQ TP pictures (Fig. 5 left hand side) may be compared with the observations and the OQ Asia run which uses heating in the wider Asian region (Fig. 2) . The upper tropospheric anticyclone (Fig. 5a ) is somewhat weaker than observed and also simulated in the OQ Asia run (Fig. 2b) . The vertical velocity field is quite similar to the west and over the TP (Fig. 5c and Fig. 2d ), though the descent is weaker. To the southeast of the TP, the ascent associated with the southeast Asian heating is of course missing. In the lower troposphere, the crossequatorial flow leading into India and the Bay of Bengal is absent without the more complete heating in the OQ Asia run (Fig. 5e , compared with Fig. 2f ) . However the lower level flow does share many of the features of that simulation. On the western side of the TP, the northerlies wrapping around the topography to give westerlies over northern India are still stronger than observed, but less so than with the widerscale heating. The southerlies on the eastern side are over-emphasised as they were in the more complete run. The realistic and idealised TP orography and heating experiments in Fig. 5 show many similarities with each other and with the heating only experiments (Fig. 4) . The upper tropospheric anticyclones (Figs. 5a, b ) now have signs of two centres, the stronger one being on the western flank of the TP and the weaker one to the east over China. This double structure is related to the transient behaviour that will be discussed in the next section. The 400 hPa vertical velocity fields (Figs. 5c, d ) are generally similar to those for heating alone but with the flavour of the 4-pole signature of the orography. The lower tropospheric flow is consistent with the response to the heating and blocking by the orography. Comparison of the realistic and idealised orography/heating experiments and also the orography only experiment shows that the strong cyclonic flow seen in Fig. 5e around the SW of the real TP orography and into India, linked to descent there (Fig.  5c ), is associated with the details of the local orography and heating in that region.
The results described so far are consistent with the important impacts of the elevated TP heating indicated by observational studies (e.g., Yeh et al. 1957; Flohn 1957 ) and GCM studies (e.g., Wu et al. 1998 Wu et al. , 2004 , and also the role of the TP orography in summer as indicated by the circulation result of Hoskins (1991) and the GCM study of Liu and Wu (2004) . Here, in some agreement with the latter studies, the importance of the heating occurring in the presence of the orography has been stressed. It has also been shown that the broad aspects of the orography and heating determine the large-scale nature of the flow, but that the details of the flow are sensitive to the local orography and heating.
One unrealistic aspect of the TP orography/ Asian heating simulation in Fig. 2 was the descent to the south-east of the TP. It is apparent from the sequence of experiments performed that this is associated with the heating field and the strong anticyclonic turning of the easterly winds around the ridge there into southerly or even south-westerly winds.
Finally in this section it is worthy of note that, despite the heating in the TP region being much smaller than that elsewhere in Asia, in the presence of the TP orography it has a considerable influence on the mean Asia Summer monsoon circulation.
The transient behaviour a. TP orography and heating
A Hovmöller picture of the 200 hPa, 25 -35 N, stream function for 70-days of the O run (no heating) is presented in Fig. 6a . An anticyclone is generated over and to the west of the rising orography in the first 5 days. By day 10 an eastern centre is also established and the flow is quite steady apart from the existence of a Rossby wave packet that is initiated by the rising orography and propagates around the hemisphere in about 45 days, a speed of some 9 ms À1 . When the TP heating is introduced (the OQ TP run) a similar Hovmöller picture (Fig.  6b) shows that a steady state is not achieved. There is variability in the amplitude and location of the TP anticyclone. It starts near 90 E and from about day 8 it moves westwards to near 60 E at day 19, intensifying and then weakening. As it weakens another maximum develops near 80 E and a similar process occurs. Two further events occur by day 65, making 4 altogether in this period. During the last 25 days there are signs of a separate fluctuating anticyclonic centre near 110 E. In order to see the importance of the amplitude of the heating, two further experiments have been performed. These are like OQ TP , but with the heating multiplied by factors of 1.6 and by 2, referred to as O1.6Q TP and O2Q TP , respectively. Similar Hovmöller pictures for these experiments are also given in Fig. 6 . With the heating enhanced by a factor of 1.6 (O1.6Q TP , Fig. 6c ) the quasi-periodic behaviour and westward movement become more apparent. The period is again about 15 days, but the westward movement is now from 90 E and 120 E to about 40 E. With a factor of 2 en-hancement (O2Q TP , Fig. 6d ) the behaviour is similar but somewhat more irregular, particularly later in the period. The variable behaviour induced by the heating is particularly apparent in the upper troposphere. However Fig. 6e for O1.6Q TP shows that it is also significant in the 400 hPa vertical velocity. In particular, there are large varia- tions in the ascent over the TP with stronger ascent occurring as the upper tropospheric anticyclone moves to the west of the TP. In a model with interactive moist processes a positive feedback on this variation could be anticipated. Near the surface the variation is relatively smaller, amounting for example to a maximum 2 ms À1 change in the 850 hPa southerlies over China. As the maximum value of the southerlies is 15 ms À1 this corresponds to a slight longitudinal fluctuation in the region of their influence.
It is clear from the 40 -60 N, 250-hPa streamfunction Hovmöller given in Fig. 6f that associated with the variability in the TP anticyclone there is also variation in the downstream Rossby wave pattern in the westerlies over the North Pacific. Wave packets, giving significantly enhanced or reduced magnitude in the quasi-stationary waves, propagate as far as the west coast of N America with a group speed of some 20-25 ms À1 , comparable with the jet maximum speed.
The variation through 1 cycle of the 2-D 200 hPa streamfunction field in the O1.6Q TP simulation is shown in Fig. 7 (left hand side). Consistent with Fig. 6c , the day 35 field shows an elongated anticyclone with two weak centres. During the next 6 days (see panels for days 38 and 41) a stronger centre develops just near 75 E. In the following 6 days (days 44 and 47) this centre drifts westward and a secondary centre develops near 115 E. By day 50 both centres have weakened and the situation has returned close to that at day 35.
The corresponding 370 K potential vorticity (PV) fields are shown also in Fig. 7 (right hand  side) . This level is typically in the ''height'' range 125-150 hPa in the region of interest. At day 35 there is relatively low PV in the whole anticyclone region, and a trough of high PV down its eastern side and wrapped in a tongue around its southern flank. The strengthening anticyclonic centre near 75 E corresponds to a developing PV minimum above the heating region and presumably being forced by the weakening of the diabatic heating with height and ascent through y-surfaces there. At the same time the PV ''trough'' on the eastern side weakens, although the tongue to the south is well marked. The westward movement of the anticyclone centre is associated with a westward drift and a weakening of the PV minimum as it moves away from the heating region. In PV inversion terms the development of the eastern anticyclonic centre is also associated with the removal of the influence of the strong minimum near 75 E and the persistence in the eastern region of the relatively low PV values. At the same time the large PV trough and tongue on the eastern and southern side tend to lose their definite structure. By day 50 the PV structure returns to close to that at day 35.
The mechanism behind the unsteady behaviour appears to be the instability of a latitudinal minimum in PV. The upper tropospheric decrease in heating above the TP reduces the PV in the air there and this air moves only slowly. The anticyclonic circulation associated with the low PV acts to advect high PV equatorwards on the eastern side and then westwards around its southern flank. On the western flank of the anticyclone, poleward advection of lower PV air occurs and the anticyclone tends to extend westwards (the b-effect). From these processes a marked PV minimum as a function of latitude is formed. Such a situation would be unstable if it were a zonal strip, and when it becomes sufficiently zonally elongated in the TP region the instability mechanism becomes viable, leading to the variability seen. The larger the magnitude of the heating the more marked is the tendency to create a PV minimum, which is consistent with the increased variability. This mechanism for the variability is essentially the one that was proposed by Hsu and Plumb (2000) as occurring in their idealised monsoon anticyclone experiments using a shallow water model. They also identified real atmospheric situations in which similar processes appeared to occur.
Both fields in Fig. 7 . give further evidence of the variability in the downstream midlatitude Rossby wave pattern seen in Fig. 6f . The streamfunction shows the weakening and re-intensification of a wave packet in the westerlies from 80-180 E. The PV shows that the ridge at day 35 breaks to form a PV cut-off at day 41.
To see the dependence of the behaviour on the details of the orography and heating, the time dependence of the 200-hPa streamfunction in the idealised orography and heating experiment O i Q iTP is summarised by the Hovmöller picture in 8a. A very similar quasi-periodic be-haviour is seen. However the time-scale appears to be somewhat longer, the period after day 20 being some 20 days as opposed to about 15 days in the OQ TP sequence of experiments. The dependence on the heating magnitude is shown by the other panels in Fig. 8 , which are for idealised experiments in which the heating magnitude was reduced by a factor of 2 and 4, respectively. With half the magnitude, the quasi-periodic variability is still present with a similar period, though less westward movement, as was the case for the smaller heating amplitudes in the realistic case (Fig. 6) . For the smaller heating magnitude the instability is no longer apparent and the solution is almost steady.
In the O i Q iTP experiment the 200-hPa streamfunction can again be considered to vary between a double and single anticyclone. Composites for these states are shown in Fig. 9 . In the phase shown in Fig. 9a the anticyclone is split with a minimum in the region of the highest orography and strong western and eastern centres. The downstream trough and ridge in the westerlies are also notable. In the phase shown in Fig. 9b , which occurs some 11 days earlier and later, the single strong anticyclone is centred over the southwest slopes of the idealised TP. The split/double and single modes in this idealised experiment are very similar to those with the 'real' TP forcing (O1.6Q TP ) as shown by comparison with Fig. 7 , days 47 and 41, respectively.
b. Full Asian heating
It is clearly important to determine the impact on the variability of including the much larger heating outside the TP region. The Hovmöller of 25 -35 N 200-hPa streamfunction for experiment OQ Asia is given in Fig. 10a . There is little evidence of the transient behaviour dis- cussed in this section. However, guided by the previous experiments, if the heating in the TP region alone is enhanced by factors of 1.6 (Fig.  10b) or 2 (Fig. 10c ) then the quasi-periodic variability reemerges. The period is about 15 days, as in the experiments with the heating only in the TP region. Composites of the split/double and single modes for the OQ Asia experiment, given in Fig. 11 , exhibit characteristics that are similar to, but less marked than, those with only the TP heating enhanced by a factor of 1.6 (Figs. 7 and 9) . Reasons why transience is suppressed in the OQ Asia experiment are suggested by the time average 370 K PV pictures for this case (Fig.  12) . Compared with the OQ TP experiment (Fig.  7 right) , the minimum in PV associated with the TP heating is now flanked on its equatorial side by lower PV values associated with the westward movement of air with PV reduced above the heating in the rest of the Asian region. Consequently, the latitudinal PV minimum is less marked and the likelihood of transient behaviour is reduced. However the trough in the 3 PVU contour on the western side of the anticyclone is indicative of the transient breaking off of air from the tongue of PV values greater than 3 PVU on the equatorial flank of the anticyclone. Increasing the TP heating acts to give lower PV in the middle of the anticyclone and increased advection of high PV around its eastern and southern flanks, so that the PV minimum is again enhanced and instability occurs.
Discussion and concluding comments
The sequence of experiments described here has given insight into the roles played by the orographic and thermal forcing of the TP region, both separately and together. In the mean, both tend to place an upper tropospheric anticyclone over the TP, though that associated with the orographic forcing is very weak. Below this, the orographic forcing gives air ascending and descending in anticyclonic circulations up and down the isentropes on either side of the Plateau. Also on its poleward flank the westerly flow is deflected polewards and moves up and down over the orography. This leads to a quadrupole in vertical motion (see also Rodwell and Hoskins 2001) . In the middle and lower troposphere some aspects of the signature of the heating alone are quite similar to those of the orographic forcing for both the real and idealised TP. To the west there is again descent in the anticyclonic equatorward flow down isentropes. There is an anticyclonic gyre to the east with ascent in its northern part but this time also with descent along the tight, near surface, southwesterly oriented ridge. A major difference is that the TP heating region is dominated by a southwesterly ascending flow that would be impossible if the orography were present.
When both orographic and thermal TP forcing are included the upper tropospheric anticyclone is more extended in the zonal direction with indications of a split. Below this the signatures of both forcings are present. They reinforce in the descent down isentropes to the west and the ascent up isentropes to the northeast. The major southwesterly flow in the TP region given by the heating alone is guided around the south and southeast of the orography leading to a monsoon flow into China. To the southeast of the TP, the unrealistic descent associated with the heating is still present but weakened and displaced to the east where it links with the orographically forced ascent in poleward moving flow. To the north there are signs of the orographic westerly up and over flow. All these features, apart from the descent mentioned, are found to a greater or lesser extent in observational analyses (e.g., Fig. 2, left) . The unrealistic descent over southern China is almost removed by the inclusion of the heating in the full Asian region, but its occurrence requires further investigation.
The experiments have shown that TP heating leads to significant variability on a quasibiweekly time-scale bearing much similarity to those discussed in the observational studies of Krishnamurti (1973) , Krishnamurti and Bhalme (1976) , Shun (1979) and Chao (1991) . A quasi-periodic behaviour emerges for imposed constant TP heating slightly larger than the average diagnosed from ECMWF data. For even larger values the behaviour is less regular. In a cycle the Tibetan anticyclone goes from a single strong centre centred on the southeastern side of the TP to a double structure with centres over China and the Middle East. Associated with this are large variations in the ascent over the central plateau. In the real world, such variations are likely to lead to variations in the convective heating over the plateau and thus to feedbacks on the instability process. The variability in the lower troposphere over Asia away from the TP is weaker, for example a 2 ms À1 variation in the 850 hPa southerly winds over China. However interactive moist processes could also enhance the magnitude and importance of this fluctuation. The fluctuating vertical velocity and lower tro- pospheric meridional flow could provide a link between variations in the TP anticyclone and the occurrence of severe weather in China and other Asian monsoon regions suggested in earlier studies. Further, the marked variation in the downstream North Pacific Rossby wave pattern that has been found to be associated with the quasi bi-weekly oscillation over Asia may have implications for intra-seasonal variability in this region. The mechanism for the production of the variability appears to be an instability of the zonally elongated PV minimum produced by the negative Lagrangian PV source above the TP heating, the divergent outflow from there, and the advection of high PV around to the east and south and low PV to the west. Hsu and Plumb (2000) previously proposed such a mechanism for the variability of the Tibetan anticyclone based on their idealised shallow water equation experiments. The strength of the PV sink over the TP, and thus the instability, depends on the amplitude and vertical structure of the heating there. Above the very high plateau even near surface heating produces a significant decrease of heating with height in the upper tropospheric levels. However convection over the plateau would clearly enhance this effect. In contrast, deep convection elsewhere, particularly near the Philippines, acts to reduce the extent to which there is a minimum in PV minimum and therefore decrease the instability by flooding the region to the south of the Tibetan anticyclone with lower PV air. However, despite the difference in heating strengths between the TP region and elsewhere in Asia, the instability associated with the TP heating can still occur.
The fact that the relatively small TP heating can be important for the mean and particularly the transient Asian Summer Monsoon circulation is associated both with the height of the Plateau and its poleward location. The high level of the heating implies a strong vertical decrease of it in the upper troposphere, and consequently a strong PV sink there. Its location in the transition region between the tropical easterlies and the middle latitude westerlies implies the air can remain in the region. Also there is a significant contrast between the near zero PV that can be generated above the TP and the ambient PV at that latitude. Equivalently, the Coriolis parameter there is large enough that vortex shrinking can be significant.
The implication from this study is that the real atmosphere may go through periods in which the monsoon variability is suppressed or enhanced depending on the relative intensities of the TP and Philippine heating regions and the vertical extent of the heating in the TP region. Consistent with this, Gong et al. (2004 Gong et al. ( , 2006 found that during the weaker monsoon year of 1993 there were quasi-biweekly variations in the relatively strong mid-summer TP rainfall, and also in the meridional position of the western Pacific subtropical high. In contrast, 1994 was a strong monsoon year with weaker mid-summer TP rainfall, and the main variability was associated with 30-60 day tropical oscillations.
It is clear that it is a challenge to numerical models to simulate the heating ingredients sufficiently well to produce realistic quasibiweekly variability in the Asian Summer Monsoon region.
